Abstract-Most researchers are familiar with the technical features of WiMAX technology but the evolution that WiMAX went through, in terms of standardization and certification, is missing and unknown to most people. Knowledge of this historical process would however aid to understand how WiMAX has become the widespread technology that it is today. Furthermore, it would give insight in the steps to undertake for anyone aiming at introducing a new wireless technology on a worldwide scale. Therefore, this article presents a survey on all relevant activities that took place within three important organizations: the 802.16 Working Group of the IEEE (Institute of Electrical and Electronics Engineers) for technology development and standardization, the WiMAX Forum for product certification and the ITU (International Telecommunication Union) for international recognition. An elaborated and comprehensive overview of all those activities is given, which reveals the importance of the willingness to innovate and to continuously incorporate new ideas in the IEEE standardization process and the importance of the WiMAX Forum certification label granting process to ensure interoperability. We also emphasize the steps that were taken in cooperating with the ITU to improve the international esteem of the technology. Finally, a WiMAX trend analysis is made. We showed how industry interest has fluctuated over time and quantified the evolution in WiMAX product certification and deployments. It is shown that most interest went to the 2.5 GHz and 3.5 GHz frequencies, that most deployments are in geographic regions with a lot of developing countries and that the highest people coverage is achieved in Asia Pacific. This elaborated description of all standardization and certification activities, from the very start up to now, will make the reader comprehend how past and future steps are taken in the development process of new WiMAX features.
I. INTRODUCTION

M
OST of IEEE 802. 16 and WiMAX (Worldwide Interoperability for Microwave Access) related articles and surveys [1] - [6] focus on the latest technical specifications. As the number of pages per article is often limited, they can only briefly tackle the history, future trends and organizational aspects of IEEE 802.16 in the introduction of their main subject. The same holds for high level reports [7] which do neither give in-depth details about the ins and outs of the evolution of different task goups within relevant organizations, nor about the relationships between them. The authors are with Ghent University, Ghent, Belgium (e-mail: daan.pareit@intec.ugent.be).
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Some outstanding books [8] - [12] have been written about IEEE 802.16 but even there only an (extended) summary of the different standard revisions and amendments is listed while more fine-grained details about the standardization process within the different organizations were omitted.
Only [13] was found to be completely dedicated to the IEEE 802.16 standardization and WiMAX certification process, although much less elaborated. They tried to give a similar summary, but the role of the ITU was omitted, the earliest task groups and old nomenclature were not mentioned and no evolution in the set of certified devices was presented. A similar approach [14] was made for an IEEE project concerning Wireless Personal Area Networks, IEEE P802. 15 .
Within this survey article we therefore intend to give the reader a better understanding of the relations between the different organizations and institutions that are playing a major role in the development, commercialization and spreading of the IEEE 802.16 standards. We furthermore address some deprecated abbreviations that have occurred over time, e.g. IEEE P802.16.1, in order for the reader to recognize them in the future and to relate them with the current terminology. The common misuse or confusion with respect to some other terms, e.g. IEEE 802.16d (sic) 1 , is also tackled. While processing the various meeting minutes, project requests, task group studies, liaison documents, etc., we want the reader to provide with all relevant official documents where key decisions were taken or confirmed during the IEEE 802.16 related evolution, resulting in an exhaustive reference list. For the reader's convenience, an overview of the acronyms that are used within this manuscript is given in Table I .
The global picture is the following. The IEEE has specified a series of IEEE 802.16 standards, for the purpose of fixed and mobile broadband wireless access. The development process of those standards is described in Section II. Based on the IEEE 802.16 standards, the WiMAX Forum created the Fixed WiMAX and Mobile WiMAX profiles in order to guarantee interoperability between different products. The development of those profiles and the certification process of products that comply with those specifications is elaborated upon in Section III. Furthermore, the recognition of this technology by the ITU allowed spectrum owners to roll out WiMAX easier in different countries. The involvement of the IEEE in the ITU is explained in Section IV. Next we present a trend analysis of WiMAX technology over time, based on the IEEE 1 (sic) is used in this article to indicate an erroneous expression 1553-877X/12/$31.00 c 2012 IEEE 802.16 session attendance, the number of products which have been certified, the number of deployments, etc. in Section V. Finally, conclusions are drawn in Section VI.
II. THE ROLE OF IEEE
Within this section, the evolution within the IEEE 802. 16 Working Group on Broadband Wireless Access is discussed, as WiMAX technology is based on the standards that were developed therein. The umbrella organizations of this Working Group are first discussed in Section II-A, to acquaint the reader of its larger context. Next, the process of standardizing this work into international widespread IEEE Standards is elaborated in Section II-B. A detailed overview and time line of the precise projects and their resulting standards on the new air interface is then presented in Section II-C. Projects concerning topics other than the air interface are discussed next in Section II-D. Finally, a summary of the current (May 2011) IEEE 802.16 standards is given in Section II-E.
A. About the organization IEEE (Institute of Electrical and Electronics Engineers)
is an international well-known professional organization about engineering on areas including aerospace systems, computers, telecommunications, biomedical engineering, etc. It was founded on 1 Jan. 1963 by merging the former AIEE (American Institute of Electrical Engineers) and IRE (Institute of Radio Engineers). Today, it has over 375,000 members in more than 160 countries, half of whom are USA citizens. It has more than 2 million documents in the IEEE/IET Electronic Library and sponsors more than 900 conferences annually [15] . IEEE is organized into 38 societies (e.g. Communications Society, Computer Society, etc.) and 7 technical councils (which are groups of societies working together).
Within the IEEE Computer Society [16] , the IEEE-802 LAN/MAN Standards Committee (LMSC) [17] 2 is one of the multiple standards committees of the Standards Activity Board (SAB). The LMSC develops Local Area Network (LAN) and Metropolitan Area Network (MAN) standards [18] , mainly for the lowest 2 layers of the ISO (International Organization for Standardization) Reference Model for Open Systems Interconnection (OSI) [19] .
Within the LMSC, there are a number of Working Groups (WGs) and one Executive Committee (EC), which includes amongst others all WG chairs. One of the LMSC Working Groups is the IEEE 802. 16 Working Group on Broadband Wireless Access Standards, which we will refer to as IEEE 802.16 WG in short. An overview of the relevant entities within the IEEE organization is shown in Fig. 1 .
B. The standardization process
Projects within Working Groups intend to result in standards that are published by the IEEE-SA (IEEE Standards Association), which is an activity area of IEEE focused on the development of internationally recognized consensus standards through an open process, approved by the American National 2 The IEEE-802 LAN/MAN Standards Committee is referred to by different abbreviations: IEEE-802 LMSC, IEEE-802, LMSC, C/LM. ... Standards Institute (ANSI). The standardization process is described below and an overview flow chart in shown in Fig. 2 . PARs (Project Authorization Request) are the means by which standards projects are started in the IEEE-SA. PARs are small but detailed documents that define the scope, purpose, and contact points for the new project. Every PAR must have a Sponsor to oversee the project, which is the organization that assumes responsibility for this particular standards idea within IEEE. The Sponsor may form a Study Group (SG) to write the PAR proposal [20] . PARs of the IEEE 802.16 WG are sponsored by the LMSC. 3 In LMSC, new project proposals have also to fulfill some additional requirements. They have to provide supporting material in the form of 5-Criteria (i.e. Broad Market Potential, Compatibility, Distinct Identity, Technical Feasibility, Economic Feasibility) to show that they meet the charter of LMSC [21] . The final PAR and 5-Criteria, developed by the SG, are reviewed by the IEEE 802.16 WG and the LMSC EC. If approved, the PAR is then submitted, normally within six months of the start of the work, by the LMSC to the New Standards Committee (NesCom) of the IEEE-SA Standards Board (IEEE-SASB) (see Fig. 1 ). The committee examines the PAR and makes recommendations to the IEEE-SASB regarding approval.
Once a PAR is approved by IEEE-SASB, the SG is disbanded [20] and a Sponsor will typically assign a working group or a (separate) Sub-Group or Task Group (TG) within the WG to prepare and develop successive draft documents that could eventually lead to the publication of the document as a new standard. Each project approved within an existing group is referred to by assigned suffix letter(s) together with a leading 'P' character (for Project) in its project number (e.g P802.16m) [22] . The final draft document will first undergo a balloting process amongst the WG members. Next, the draft document is forwarded to the Sponsor EC for approval and a Sponsor balloting process is initiated. To reach consensus (i.e. agreement among the majority, not necessarily unanimity) during the balloting processes, balloting group members are casting votes ("Approve", "Do Not Approve" or "Abstain"), with or without accompanying comments, in one or more successive ballots until completion of the standards balloting process. There are often multiple successive ballots as changes may be made in the proposed standard to resolve negative comments or for other reasons to improve the draft document. All substantive changes made since the last balloted proposed standard are identified and recirculated to the balloting group, together with all unresolved "Do Not Approve" votes with comments. During a recirculation ballot, balloting group members have an opportunity to cast votes or change their previously cast votes [23] . In order to proceed to the next stage, a minimum of 75% (excluding the "Abstain" votes) must approve the draft. In the event that 30% or more of the returned ballots are Abstentions, the standards balloting process shall be considered invalid.
After the Sponsor Ballot process is complete, the Sponsor will move the project toward final review by RevCom (the Review Committee of IEEE-SASB), which issues a recommendation to the IEEE-SASB. The IEEE-SASB takes the final decision in approving the standard. After approval, the standard is edited by an IEEE-SA editor, given a final review by the members of the working group, and published. Additionally, IEEE 802 standards are added six months after publication to the IEEE Get 802 program for public download from the Internet, free of charge. At least every five years, every IEEE Standard is subjected to review for revision, reaffirmation or withdrawal [23] .
If a standards project has not been completed by the four-year deadline authorized in the PAR and the Sponsor determines that the project should remain active, the Sponsor needs to complete the IEEE-SASB Extension Request Form 7 . However, the Working Group did not fully foresee those future projects. Due to the fact that it was agreed to continue the development of the different physical layer options but with only a single MAC protocol on top, the existing PARs were not fully aligned with the plans of the Working Group. Therefore, it was intended [38] to bring all of the air interface projects into a single standard, to be numbered simply '802.16'. Each additional air interface specification would be developed as an amendment 8 . This led in Mar. 2001 to the approval of the renumbering of P802.16.1 to P802.16 [39] (which was actually its original project number [26] as explained earlier), the renumbering of P802.16.3 to P802.16a [40] and finally P802.16.1b to P802.16b [41] . The active PARs for air interfaces were now P802.16, P802.16a and P802.16b.
In May 2001, TG3 and TG4 agreed to work together [42] , [43] in the same document for P802.16a and P802.16b. 4 The Sub10 SG originally aimed at frequencies below 10 GHz, however its scope was extended to the 2-11 GHz spectrum. 5 While drafting the P802.16.3 PAR, it was briefly considered to create an amendment rather than a complementary standard. In this case the P802. 16 .1a number would have been applicable. This was however rejected [33] . 6 Note that the physical air interface using a single carrier is thus denoted 'WirelessMAN-SC' for 10-66 GHz and 'WirelessMAN-SCa' for 2-11 GHz.
7 P802.16.2 was the fourth active PAR at the beginning of 2001 and dealt with coexistence issues, see Section II-D3 8 Previous IEEE terminology for an 'amendment' was a 'supplement'
Because of this however, it was necessary in Nov. 2001 to redefine the PAR of P802.16a [44] to incorporate the goals of project P802.16b and to withdraw the latter, in order to comply with IEEE stipulations [45] . TG3 and TG4 were merged into Task Group a (TGa) [46] [49] .
Meanwhile, a new PAR [50] was submitted in Mar. 2002 for amending the standard with 'Detailed System Profiles for 10-66 GHz', which envisaged the definition of a number of profiles including a set of predetermined parameter values for interoperability support (more information on interoperability is found in Section III). This was approved in May 2002 [51] and led to P802.16c, managed by Task Group c (TGc) [52] . This project experienced a swift content output and its draft document D4 was already approved [53] Access Control Modifications and Additional Physical Layer Specifications for 2-11 GHz Their evolution, as described above, is visualized in Fig. 3 and summarized in Table II .
Towards a first revision with new amendments
In the meantime, a Mobile Wireless MAN Study Group [59] was erected to draft a PAR concerning the addition of mobility, by making amongst others the number of subcarriers in WirelessMAN-OFDMA scalable with the used bandwidth. This PAR [60] Fig. 4 and summarized in Table III . [95] .
Completion of the second revision and the creation of new projects
In Jan. 2008, several discussions spotlighted concerns regarding the implications of 802.16j and relay support on the 802.16m network architecture. As a result, the '16jm' Ad Hoc Group was instated to study the issues. This Ad Hoc Group delivered its final report [96] [102] on 'Greater Reliability In Disrupted Metropolitan Area Networks'. The proposal was approved, putting the SG into effect. The GRIDMAN SG has drafted a PAR [103] for an amendment to IEEE Std 802.16 on Higher Reliability Networks, which was approved on 17 Jun. 2010 by IEEE-SASB as project P802.16n. With the GRIDMAN SG's temporary assignment completed, the new GRIDMAN Task Group [104] was initiated for drafting a standard in the P802.16n project by enhancing the MAC protocol and extending the WirelessMAN-OFDMA specifications.
As work in P802.16h within the License-Exempt TG had started in Dec. 2004 and still none of its draft documents was expected to make it into an IEEE Standard by the end of [109] . In May 2010, the Project Planning Committee concluded the study report and started drafting a PAR for an amendment to IEEE Std 802.16 on Enhancements for Machineto-Machine (M2M) Communications [110] , which was accepted by the IEEE-SASB as project P802.16p on 30 Sep. 2010 [111] . The Machine-to-Machine Task Group [112] will manage this project. This amendment builds on top of the features in P802.16m and will support low power operation and small burst transmissions in WirelessMAN-OFDMA and WirelessMAN-Advanced specifications.
Concerning P802.16m, TGm completed its task and draft D12 was approved [ Besides the completed projects, following projects are ongoing (see Table V As for future projects, we would like to inform the reader that preparations are being made within the Project Planning Committee to make a new revision of the IEEE 802.16 standard. This would be the third revision to the original IEEE Std 802. 16 project, for which a PAR is being drafted [114] . However, contrary to common practice, IEEE Std 802.16m-2011 would not be completely included in this new revision. Instead, the current idea is to shift the WirelessMAN-Advanced radio interface, which was introduced in this amendment, into a new standalone standard, in addition to the revision standard that is being made. Therefore, another PAR is being drafted for which currently the P802.16M project name 10 is suggested [116] . The motivation 10 Normally, the numbering of projects of the same family use a decimalnumbered extension [22] . However, P802.16.1, P802.16.2 and P802.16.3 are/were already used. Calling the standard project P802.16.4 or P802.16.5 "did not sound right" [115] and neither did P802.16.10 or P802. 16.20 . As the new standard will be based on the IEEE Std 802.16m-2011 amendment, which is well-known, one therefore proposes to make an exception to naming conventions and to use the P802.16M name, with a capital letter 'M' suffix, in order to indicate that the new intended standard descents from the IEEE Std 802.16m-2011 amendment but that it is a standalone standard (as no lower-case letter is used).
to split the specifications into two different tracks is to obtain a more practical maintenance of the WirelessMAN-OFDMA air interface on the one hand and of the WirelessMANAdvanced air interface on the other hand, as each is included in a different ITU (International Telecommunications Union) framework: IMT-2000 and IMT-Advanced, respectively (see Section IV).
The Project Planning Committee also initiated the development of study reports for Hierarchical Networks and for coexistence with non-802 TDD (Time Division Duplex) systems, but the latter topic has been disbanded. Following topics are also on the roadmap of new PARs by the Project Planning Committee for 2011: Enhanced QoS, Ultra High Speed Networks (> 1-5 Gbps) and Green RAN [117] .
D. IEEE 802.16 WG other standards 1) Bridging standard:
As the IEEE 802.16 WG is part of the 802 family and fits into a general reference model [18] , it needs to normalize its compatibility and ensure that it can operate in a bridged IEEE 802 network. Therefore, the WG submitted a new PAR, designated P802.16k [118] Within this section, the activities of the WiMAX Forum are described. This organization certifies equipment that is compliant with the parameter values they have chosen in the IEEE 802.16 standards to assure device interoperability. The WiMAX Forum is introduced in Section III-A and the benefits of a certification label are described in Section III-B. The system profiles that are derived from IEEE 802.16 are explained in Section III-C, while information on the different succeeding releases and their development can be read in Section III-D. The process for a vendor's product to be certified is finally given in Section III-E.
A. About the organization
The WiMAX Forum is an industry-led, not-for-profit organization which has hundreds of members, We can distinguish three functional areas of development within the WiMAX Forum:
• air interface specifications focus on the first and second layer of the OSI reference model [19] and are based on IEEE 802.16 (see Fig. 7 ), • network specifications apply to the upper layers and are not based on IEEE 802.16 but developed within the WiMAX Forum (see Fig. 7 ), • roaming specifications deal with the Roaming Business Framework with functions for wholesale rating, etc. Different tasks within the WiMAX Forum are divided between following working groups [138] : 13 The HiperMAN specifications are being developed by the Technical Committee Broadband Radio Access Networks (BRAN) within ETSI. They focus on frequency bands below 11 GHz and are developed in cooperation with the IEEE 802.16 WG. 
B. Benefits of certification
Simply being IEEE 802.16-compliant does not guarantee that equipment from one vendor will interoperate with equipment from another vendor as they could each have implemented different subsets of the standard. Should each vendor implement the complete IEEE 802.16 standard (the same revision with the same amendments), the latter problem would be solved. However, as the IEEE 802.16 standard is quite broad, this implementation would require a huge amount of effort and would therefore be too expensive [11] Therefore, the vendors themselves are willing to certify their products to obtain this label, without any external obligation as this has many benefits for vendors, network operators and end users [11] , [140] :
1) Benefits for vendors:
• Faster innovation: there is no need to focus on a complete end-to-end product line, as with proprietary broadband wireless access systems. Vendors can specialize in specific components, allowing faster development cycles.
• Cost improvement: specialization in specific component can lead to lower-cost modules which can be integrated in the vendor's devices.
• Faster troubleshooting: interoperability problem detection before commercialization.
• Easier targeting of the global market: the certification label has a worldwide reputation.
2) Benefits for network operators:
• Easy deployments: there is no vendor lock-in and a multivendor network can be deployed in a more cost effective and faster way.
• Support of any subscriber device: all certified end devices (with the same certification profile) are instantly supported, as well as roaming support for end devices that originate from another network operator (with the same certification profile).
• Backward compatibility: certified products are guaranteed to be backward compatible.
3) Benefits for end users:
• Increased confidence: the purchased certified product will certainly work with any network operator that uses certified products (with the same certification profile).
• User mobility: the end user can use the same device when switching to or roaming on the network of another network operator.
• Cheaper devices: higher volumes and more competition are possible by economy of scale, which lowers the price of the devices. Different certification profiles are derived out of each system profile. They limit the number of WiMAX implementations allowed under a system profile, as a certification profile additionally defines three parameters: spectrum band (e.g. 3.5 GHz, 2.5 GHz, etc.), channel size (e.g. 5 MHz) and duplexing mode (Frequency Division Duplex (FDD) or Time Division Duplex (TDD)). Those parameters mostly depend on the local regulatory requirements. By complying to the same certification profiles, interoperability between products of different vendors is guaranteed.
Multiple certification profiles will be required to comply with different regulatory requirements that different operators need to adhere to. On the other hand, however, if there are too many certification profiles, the market could become fragmented and threaten interoperability. A trade off is thus to be made for the number of certification profiles.
The first certification profiles were the 'fixed profiles' based on the Fixed WiMAX system profile and are listed in Table VIII [140] , [143] , [144] . Fixed WiMAX certification profiles were originally numbered sequentially as Air 1, Air 2, Air 3, Air 4 and Air 5. Later, they were renamed to 3.5T2, 3.5F1, 3.5T1, 3.5F2 and 5.8T, respectively. However, Fixed WiMAX products have only been certified against 3.5T2 (Air 1) or 3.5F1 (Air 2). Those profiles are now known as ET01 and ET02, respectively. They are indicated in bold in Table VIII. The 'mobile' certification profiles based on the Mobile WiMAX system profile, which has the most commercial interest to date (see Section V), are listed in Table IX , as currently defined by the CWG [140] , [143] - [145] . Note that not every certification profile has yet been precisely defined, notably for those within the 700 MHz spectrum. The profiles in Table IX are listed according to current naming conventions, which include the center frequency and a T/F letter (indicating TDD or FDD) within the profile's name (e.g. M2500T-01). Previously, only a subset of the current profiles was considered and profiles were numbered sequentially (e.g. M2500T-01 was known as MP05). Alternatively, certification profiles were also referred to by a 'Band Class Certification Group (BCG)'. Those past naming convention are listed in Table IX for the sake of completeness, where they are related to the current profiles. While the list of profiles in Table IX is quite extensive, only a subset of the current profiles are 'active', meaning that they have ongoing certification testing and announced certified products. Those certification profiles are M2300T-01, M2300T-02, M2500T-01, M3500T-02, M3500T-03 and M3500T-05 and are indicated in bold in Table IX . Testing for a non-active profile can start as soon as at least three vendors are ready to validate this profile [140] . Certificates of Mobile WiMAX products include a CRSL version number, indicating what test suites the product was certified against (see Section III-E). An example of a Mobile WiMAX product certificate is shown in Fig. 8 .
D. WiMAX releases
In order to gradually certify additional features, different 'releases' and different 'waves' within a release were introduced. Certified equipment is backward compatible with equipment tested under previous releases and waves.
For Fixed WiMAX, only one release with two waves has been specified. There were no further releases, as the focus shifted sharply from Fixed WiMAX towards Mobile WiMAX, which is being actively developed and deployed. Note that Mobile WiMAX can of course also be used for fixed or nomadic access. The Mobile WiMAX release development process is partitioned in six stages and is shown in Fig. 9 [146] . In the first stage, requirements are written by the Service Provider Working Group (SPWG). Stage 2 till 5 are dealt with by the Technical Working Group (TWG), Network Working Group (NWG) and Global Roaming Working Group (GRWG) for drafting the air interface, network and roaming specifications respectively. Finally, in stage 6 certification procedures are derived by the CWG for implementation and validation. A complete iteration through all those stages can produce a new Release. The documents that are produced during those stages have a unique number [147] that reflects their functional area of development, the development stage and the release number as explained in Table X . [98] . It also introduces FDD certification profiles besides TDD profiles The air interface of release 1.5 is described in documents WMF-T23-001-R015v01 [142] , WMF-T23-002-R015v01 [150] and WMF-T23-003-R015v01 [151] . Note that for the network specifications, a Release 1.6 has also been specified, using • SIRIM QAS International -Malaysia
The actual testing is done by the testing labs without the direct involvement of the WiMAX Forum. The certification process is depicted in Fig. 10 . It starts for a product (a device or a module) when the vendor selects a WFDCL and one or more certification profiles for the product. The product will be tested separately for each certification profile it claims to support. When the equipment is submitted, the testing lab requires the vendor to also submit the Protocol Implementation Conformance Statement (PICS) and a Protocol Implementation Extra Information for Testing (PIXIT) . The PICS document is actually a completed questionnaire that is filled in by the vendor. The empty questionnaire was fournished by the WiMAX Forum and is known as the PICS Proforma [153] .
The PICS states that the vendor supports all capabilities to be tested during the certification process and that the product meets the certification requirements. The PIXIT document provides information on the equipment configuration, plus additional information on the product [140] .
The lab then identifies the test suites relevant to the submitted product, based on the equipment submission materials and the Certification Requirements Status List (CRSL), which dictates the complete set of required testing at a given time [140] . Currently it requires Protocol Conformance Testing (PCT), Radio Conformance Testing (RCT), Network Conformance Testing (NCT), Radio Regulatory Testing (RRT), Mobile Interoperability Testing (MIOT) and Infrastructure Inter-Operator Testing (IIOT) [140] . RCT, PCT, and MIOT are based on the IEEE 802.16 and the ETSI HiperMAN standards, and exclusively target MAC (Medium Access Control) and PHY (physical) layer capabilities. NCT and IIOT are based on the WiMAX Forum Network specifications and target upper layers.
If any test fails, the certification testing is halted and the vendor is asked to make the needed changes and to restart the certification process. If all tests are completed successfully, the WiMAX Certification Body (WCB) reviews the results. The WCB is a set of individuals that review and verify all WFDCL certification test results and manufacturer declarations against the requirements and make the final certification decision. When the WCB acknowledges the product certification, the WFDCL issues the certificate and the product is added to the WiMAX Forum Certified Product Registry [140] .
Besides this formal procedure, the WiMAX Forum also sponsors Plugfests [154] , [155] . Those are group tests during one week where vendors can informally test their equipment with that of other vendors ahead of formal certification testing, which can lead to a shorter time to market when the certification process has come effective.
IV. THE ROLE OF ITU
Within this section, we discuss the International Telecommunication Union (ITU) and the role of the WiMAX Forum and the IEEE 802.16 WG therein. The ITU is introduced in Section IV-A. IMT-2000 is an important framework for worldwide wireless access and is described in Section IV-B. IEEE 802.16 WG managed to add an air interface to IMT-2000 and this is described in Section IV-C. The benefits thereof are stated in Section IV-D. Next, we described IMT-Advanced, the successor of IMT-2000, in Section IV-E, as well as how the IEEE 802.16 WG remains involved in this program, in Section IV-F. As IMT-Advanced is linked to 4G terminology, we finally explain this in Section IV-G.
A. About the organization
The International Telecommunication Union (ITU) was established in 1865 in Paris as the International Telegraph Union and is now the United Nations agency for information and communication technology issues, based in Geneva, Switzerland [156] . Today, ITU's mission is to enable the growth and sustained development of telecommunications and information networks, and to facilitate universal access so that people everywhere can participate in, and benefit from, the emerging information society and global economy [157] . There are three sectors within the ITU: ITU-R (Radiocommunication), ITU-T (Telecommunication) and ITU-D (Development). Both governments and private organizations can apply for ITU membership. The former will be 'Member States' while the latter will be 'Sector Members' (full membership within a specific ITU sector) or 'Associates' (membership for a specific Study Group within an ITU sector). IEEE has become a Sector Member in the ITU-R, as of 31 Oct. 2003.
Within the ITU-R there are different Study Groups (SG), which use among others the following document types [158] :
• The Resolutions give instructions on the organization, methods or programmes of Radiocommunication Assembly (RA) or Study Group work. • A Question is a statement of a technical, operational or procedural problem, generally seeking a Recommendation. 17 It is a first-stage document which defines what kind of studies and on which subject a Study Group is expected to study.
• The Recommendations constitute a set of international technical standards. They are the result of studies undertaken by Radiocommunication Study Groups. The ITU-R Recommendations are approved by ITU Member States. Their implementation is not mandatory; however, they are highly valued and are implemented worldwide. As the Study Groups study different ITU-R Questions, a SG is typically subdivided into different Working Parties (WP).
Radiocommunication Assemblies (RA) are responsible for the structure, programme and approval of the radiocommunication studies. They are normally convened every three or four years. The Assemblies can among others approve and issue ITU-R Recommendations and ITU-R Questions developed by the Study Groups, set the programme for Study Groups, and disband or establish Study Groups according to need. The Radiocommunication Advisory Group (RAG) is authorized (in accordance with Resolution ITU-R 52) to act on behalf of the Assembly in the period between Assemblies. Radio regulation issues are dealt with in World Radiocommunication Conferences (WRCs). 18 A simplified hierarchical view on the ITU is shown in Fig. 11 .
B. IMT-2000
International Mobile Telecommunications-2000 (IMT-2000 19 is the program of the ITU for third generation (3G) wireless communications, defined in 2000 by a set of interdependent ITU Recommendations (among others M.687 [159] , M.1645 [160] , M.1457 [149] ). IMT-2000 provides a framework for worldwide wireless access by linking the diverse systems of terrestrial and/or satellite based networks. It will exploit the potential synergy between digital mobile telecommunications technologies and systems for fixed and mobile wireless access systems. ITU activities on IMT-2000 comprise international standardization (including frequency spectrum and technical specifications for radio and network components, tariffs and billing, technical assistance and studies on regulatory and policy aspects).
It was within Study Group 8 (SG8) (with as scope: systems and networks for the mobile, radiodetermination and amateur services, including related satellite services) that IMT-2000 [149] , [159] , [160] 
C. IEEE 802.16 and IMT-2000
In Nov. 2006, the IEEE contributed a proposal [162] to ITU-R WP 8F to add a new radio interface to IMT-2000. 19 Following RA-07, the work on IMT, including both IMT-2000 and IMT-Advanced (see Section IV-E) collectively, is now being addressed under the new Study Group 5 umbrella by Working Party 5D (scope: IMT Systems) and SG8 is now disbanded. RA-07 revised the original study question into Question ITU-R 229-2/5 'Future development of the terrestrial component of IMT', to include both responsibility for the continued development and enhancement of IMT-2000 and the mandate to address all aspects of IMT-Advanced [165] (see Section IV-E).
In the next revision of M.1457 (i.e. M.1457-8) the OFDMA TDD WMAN was left unchanged. In M.1457-9 however, the interface is now based on IEEE Std 802. 16-2009 [98] (see Section II-C) and WiMAX Forum Mobile System Profile Specification Release 1.5 [142] (see Section III-D), which adds an FDD mode. In accordance with Circular Letter 8/LCCE/95 [166] , ITU-R has historically updated Recommendation ITU-R M.1457 approximately annually using a three-meeting cycle.
D. Benefits of ITU recognition
One could question why the IEEE 802.16 WG would need to seek recognition from the ITU, as IEEE itself is an international standardization organization. However, the IEEE 802.16 WG understood the importance of ITU engagement right from the beginning. Their first PAR [26] , initiating P802.16 (see Section II-C), already stated in 1999 that the resulting standard might be adopted eventually by the ITU and the WG appointed a ITU-R Liaison Official to maintain contacts with the ITU-R. IEEE 802.16 was mainly aimed at operating in licensed bands, typically used by telecommunications operators. As the traditional boundary between data communications and telecommunications was blurring, it was important for the IEEE 802.16 WG to have good contacts with the ITU because the telecommunication industry was always well represented there [12] . When IEEE became a Sector Member of the ITU-R in 2003, their relationship strengthened even further.
The ITU recognition offered indeed benefits that the IEEE could not have gained on its own, as the inclusion of WiMAX technology by ITU in 2007 in its IMT-2000 program (as OFDMA TDD WMAN, see Section IV-C) added international credibility to the technology. Mobile WiMAX technology now got the same level of recognition as UMTS/HSPA and CDMA2000/EV-DO, concerning worldwide reputation. Furthermore, one should not forget the impact of ITU on radio regulation. Certain radio frequencies (e.g. 2.5-2.69 GHz) are classified for use with IMT-2000 technologies only [11] . WiMAX's inclusion in IMT-2000 enables spectrum owners to use WiMAX equipment in any country that recognizes IMT-2000.
E. IMT-Advanced
In 2007, it was agreed upon in ITU-R Resolution 56 [167] that the term 'IMT-Advanced' be applied to those systems, system components, and related aspects that include new radio interface(s) that support the new capabilities of systems beyond IMT-2000 and new spectrum was allocated for IMT systems during WRC-07 in 698-862 MHz, 790-862 MHz, 2.3-2.4 GHz and 3.4-3.6 GHz (although not always on a global scale) [168] .
The principles for the process of development of IMTAdvanced are stated in Resolution 57 [169] and members were invited to submit proposals for candidate radio interface technologies (RIT) 20 for the terrestrial components of the radio interface(s) for IMT-Advanced, conform Circular Letter 5/LCCE/2 [170] .
This letter was issued on the 7th of Mar. 2008, as a result of Step 1 of the submission and evaluation process as described in IMT-ADV/2 [171] . In Step 2, the RIT proposals were composed and during Step 3, the ITU-R was open for reception of RIT proposals until Oct. 2009. Afterwards, the proposals have been evaluated and reviewed during Step 4, 5 and 6. The decision on which RITs to include in IMTAdvanced was taken in Step 7 in Oct. 2010. Writing the final RIT specifications has been done in Step 8. The time schedule, as included in IMT-ADV/2 [171] , is shown in Fig. 12 .
F. IEEE 802.16 and IMT-Advanced
Within the time frame for submitting RIT proposals, the IEEE, Japan (advised by its Association of Radio Industries and Businesses (ARIB)) and the Korean TTA (Telecommunications Technology Association) each submitted a proposal based on the WirelessMAN-Advanced interface that was at that time still being drafted in IEEE P802.16m (see Section II-C). They are therefore referred to by the ITU-R as RIT Proponents.
Both the ARIB and the TTA (or more precisely: the IMTAdvanced Subcommittee of the Advanced Wireless Communications Study Committee of the ARIB on the one hand and the IMT WiBro Project Group, PG 702, of the TTA on the other hand) are collaborating with IEEE for those RIT proposals [172] - [175] . All the aforementioned proposals are therefore based on the same IEEE 802.16m System Description Document (SDD) [176] . In ITU terminology, the IEEE is therefore known as a GCS Proponent. A GCS Proponent provides the GCS (Global Core Specification), which is the set of specifications that defines a RIT. The IEEE therefore submitted a Form A document [177] to ITU-R in Oct. 2010 [178] to officially state its intent to be a GCS Proponent. Also in ITU terminology, the ARIB, TTA and WiMAX Forum are 20 SRIT is used to denote a set of RITs.
Transposing organizations, which are authorized by the GCS Proponent to derive standards from the GCS.
The proposals were acknowledged by the ITU-R in documents IMT-ADV/4 [179] , IMT-ADV/5 [180] and IMT-ADV/7 [181] , respectively. The IEEE proposal was furthermore endorsed by the WiMAX Forum in ITU-R Contribution 5D/558 [182] .
All proposals have been evaluated and reviewed during Step 4, 5 and 6, along with three other proposals (IMT-ADV/6, IMT-ADV/8 and IMT-ADV/9 [183] - [185] ) that include LTEAdvanced [186] (Long Term Evolution Advanced) technology by 3GPP. Each of the six candidate technology submissions has individually completed the evaluation process successfully [187] , [188] . In Step 7, the three proposals that are based on IEEE P802.16m were grouped together into the technology identified in ITU as 'WirelessMAN-Advanced' while the other three proposals were grouped into the technology 'LTEAdvanced' [187] , [188] . Both 'WirelessMAN-Advanced' and 'LTE-Advanced' were accepted for inclusion in the standardization phase of IMT-Advanced [187] , [188] during WP 5D meeting no. 9 on 13-20 Oct. 2010.
The appropriate Recommendation, currently still temporarily referred to as ITU-R M.[IMT.RSPEC] [189] , is now being developed in Step 8, conform procedures in IMT-ADV/24 [190] . The IEEE has submitted its GCS at the end of Mar. 2011 [191] , in order for WP 5D to preliminary agree on a draft for ITU-R M.[IMT.RSPEC] in its 10th meeting on 6-13 Apr. 2011. In Mar. 2011, the IEEE has also submitted the Certification B document [192] which identifies the authorized Transposing Organization(s) utilizing the GCS [190] , which are TTA (Korea), ARIB (Japan) and the WiMAX Forum (which were the RIT Proponents for 'WirelessMANAdvanced'). The 'WirelessMAN-Advanced Transposing Organizations' (WATO) will hold joint meetings to align their views.
It is foreseen that transpositions to the GCS will be submitted by Sep. 2011, as well as a Certification C document, which is the statement by the Transposing Organization(s) that they have complied with the intentions indicated in Certification B [190] . Final agreement on the IMT-Advanced radio interfaces is then expected to be given by WP 5D in Oct. 2011, by SG 5 in Nov. 2011 and finally by the ITU-R in Feb. 2012 in a Radiocommunication Assembly [193] .
G. Fourth generation (4G)
When development of IMT-Advanced started in 2007 by WP 5D, only the term 'IMT-Advanced' was used for systems beyond IMT-2000, but the '4G' term was never mentioned [193] . In Oct. 2010, the ITU itself, where WP 5D belongs to (see Fig. 11 ), suggested [194] Step 3 (0)
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Critical milestones in radio interface development process: Original time schedule for the development of IMT-Advanced radio interface recommendations [171] that '4G' is actually an undefined term but applies to IMTAdvanced as well as 'to the forerunners of these technologies, LTE and WiMAX, and to other evolved 3G technologies providing a substantial level of improvement in performance and capabilities with respect to the initial third generation systems now deployed. ' [195] V. TREND ANALYSIS While standardization and certification efforts in multiple organizations, as described in the previous sections, is one thing, the real success of WiMAX can only be measured by the actual technology adoption in the field, as described within this section. A first indication of industry interest is given in Section V-A, where we analyze the attendance in IEEE 802.16 WG meetings where anyone is allowed to attend. Next, we look at the number of devices that have been WiMAX Forum Certified over time in Section V-B. Finally, we consider the number of WiMAX deployments worldwide in Section V-C.
A. IEEE 802.16 WG attendance
In Mar., Jul., and Nov. of each year, all the Working Groups of LMSC (see Section II-A), including the IEEE 802.16 WG, meet together in a plenary session [21] . Between two plenary sessions, the IEEE 802.16 WG also meets in an interim session in Jan., May and Sep. In Fig. 13 we plotted the IEEE 802.16 WG session attendance as this gives an indication of industry interest over time. We depicted attendance in plenary and interim sessions in separate series, as their difference does not reveal a difference in interest, but is due to practicalities (people visiting from other WGs during plenary sessions, attendance in some plenary sessions is required for membership, most plenary sessions are in the USA, etc.).
The first official session took place in Jul. 99 and attendance was steadily growing. The start of P802.16.3, where an air interface for frequencies below 10 GHz was being developed (see Table II ), probably attracted new attendees in the beginning. At the 10th session, in Nov. 2000, a peak attendance of 211 people had been reached, but attendance decreased after its initial momentum.
We see a revival in attendance after the approval of IEEE Std 802. , showing that industry interest is growing. The ongoing work in P802.16e, where a standard was being developed to add mobility support (see Table III ), especially received a lot of interest and IEEE 802.16 WG session attendance was high until session 38 (Jul. 05) where the LMSC EC granted conditional approval to forward the final draft of P802.16e to the IEEE-SASB.
Attendance decreased for the following sessions, but it increased once again when P802.16m was initiated and IMT-2000 OFDMA TDD WMAN (see Section IV-C) and IEEE Std 802. 16-2009 (see Table IV ) were being completed. The highest attendance so far (462 attendees), was on the 50th session in Jul. 2007 . During this plenary session, for the first time, the 802.16 WG also had the highest attendance of all Working Groups at a LMSC plenary. As of end 2008, we see a quasi continuous decrease in session attendance, although interesting and important aspects are being dealt with, e.g. further development in P802.16m and IMT-Advanced submission (see Section IV-F). A possible explanation could be the fact that some major companies are ceasing WiMAX development (and only focus on LTE) to reduce costs in time of economic recession [196] . The future is yet to reveal whether industry interest will rise again.
B. WiMAX devices
Within this section, we collected and analyzed all specifications of the certified products that are listed in the WiMAX Forum Certified Product Registry 21 (see Section III-E). In order to determine the supported certification profiles (see Section III-C) per device, we manually collected the data that is described on the official certificate of each certified device. 22 The number of certified devices are cumulatively plotted over time per certification profile (see Section III-C) in Fig. 14 , per device type in Fig. 15 and per WFDCL 23 (the certification lab, see Section III-E) in Fig. 16 . A device type is either 'base station', 'subscriber station' or 'mobile station'. Note that, as a device can be certified for multiple certification profiles, the cumulative sum of the curves in Fig. 14 will be higher than the one in Fig. 15 or Fig. 16 where only unique devices are represented.
In Fig. 14 and Fig. 15 we can see that in Jan. 2006, the first base stations and subscriber devices operating in the 3.5 GHz band were certified, based on IEEE Std 802. 16-2004 [65] , under the Fixed WiMAX certification profiles (ET01 and ET02, see Table VIII ). At that time, all certification was done in the AT4 Wireless lab in Spain, as shown in Fig. 16 21 The data was collected from the WiMAX Forum Certified Product Registry on 2 Jan. 2011 22 We did not use the data as described in the product fiche on the WiMAX Forum website, as this was sometimes found to be inconsistent with the certificate itself.
23 SIRIM QAS International is not included in the analysis as it was only selected as WFDCL in Apr. 2011 [197] . Table IX ) [140] . This profile has ever since been included in many products and their number has grown fast as this frequency is allocated by the ITU for IMT-2000 technologies and as WiMAX has been included in IMT-2000 (see Section IV-C). The other WFDCLs also started certification around that time, as shown in Fig. 16 . Bureau Veritas ADT in Taiwan particularly showed a strong growth in the number of certified devices. Several reasons could explain this observation. Firstly, many ICT manufacturers already produce products in Taiwan, so transportation cost is lower and relationships with the vendors are easy to maintain. Secondly, Bureau Veritas ADT is a private company which already tested products for other certification marks (e.g. CE, Wi-Fi, etc.). Thus, they already have good relationships with (the same) vendors for other product lines, have experienced sales teams and can offer competitive prices. This contrasts with e.g. TTC, also in Taiwan, which is a governmental organization with less experience and equipment. Bureau Veritas ADT might therefore be a more credible and attractive choice, compared to other certification labs. The cumulative number of certified Fig. 17 , which shows that every WFDCL has mainly focused on the M2500T-01 profile.
C. WiMAX deployments
We extracted and analyzed information about WiMAX deployments from all WiMAX Forum Monthly Industry Reports that appeared from Mar. 2009 till May 2011. We plotted the number of WiMAX deployments over time per frequency in Fig. 18 and per geographic region in Fig. 19 .
Note that the WiMAX Forum uses the term 'deployments' to refer to WiMAX networks that are either in service, planned or in deployment (i.e. base stations that are being deployed, but there are few or no subscribers yet). Also note that the total number of deployments in Fig. 18 may not add up to the total number of deployments in Fig. 19 Fig. 18 and Fig. 19 . Furthermore, as the WiMAX Forum Monthly Industry Report of Oct. 2009 did not comprise information about deployments per frequency, this information is also missing in Fig. 18 .
Most deployments are currently in the 3.5 GHz spectrum, but in Fig. 18 we see a strong growth over one year (from 26 Mar. 09 till Mar. 10) of more than 80% in the number of deployments with a 2.3 GHz or 2.5 GHz frequency, compared to a 32% growth in the number of deployments in the 3.5 GHz. This corresponds with the observation of the explosive growth in certified devices for 2.5 GHz in Fig. 14 . Although the number of certified devices is still growing, we see as of May 2010 a stagnation or even a small decrease in the number of deployments. Fig. 19 shows that WiMAX is most often deployed in Africa, CALA (Caribbean and Latin America Region) and Asia-Pacific. There are lesser deployments in Eastern Europe, Western Europe, North America and the Middle East. In the early days of WiMAX, the technology was announced to be able to help in bridging the digital gap, based on its extended coverage over other wireless technologies at that time. Based on Fig. 19 , most deployments do indeed seem to be happening in the geographical regions that are containing most of the developing countries.
However, as stated before, the figures include different types of deployments: both small and large and both preliminary and mature deployments. In order to know the actual potential per geographic region, we should rather look at the population coverage. This is an estimate that is yearly updated by the WiMAX Forum. In Fig. 20 we see a different relation amongst the regions, compared to Fig. 19 . The Asia-Pacific region is clearly the most 'WiMAX minded' region of the world, but the CALA and Africa also have quite an extensive uptake. People in regions containing the most developed countries do appear to have far lesser access to WiMAX technology. A possible explanation for this observation, might be the fact that, in those countries, most households already have broadband Internet at their homes via DSL or cable while cellular operators are offering mobile Internet access on the go. This contrasts with developing countries, where broadband Internet at home or on the go is often uncommon. As there are no incumbent competitors, new WiMAX deployments (known as 'green-field deployments') might therefore be much faster adopted. For further reference, note that the deployments are tracked by the WiMAX Forum and visualized on their website [198] .
VI. CONCLUSION
Confucius already quoted 'Study the past if you would define the future'. We therefore did an in-depth investigation on the evolution of the different projects, working groups and standards within the IEEE 802.16 Working Group on Broadband Wireless Access, the WiMAX Forum and the ITU and considered their relationships.
Within the IEEE, the initial ideas about how to implement Broadband Wireless Access differ in many ways from the standards today. The focus of the IEEE 802.16 WG, the working group responsible for this topic, has shifted over time from 10- After analyzing the products that are currently WiMAX Forum certified and the different deployments over time, we found that most products today are being certified or deployed for the 2.5 GHz and 3.5 GHz frequencies. Furthermore, most deployments are currently in Asia Pacific, Africa and CALA with Asia Pacific having the largest population coverage. Today, May 2011, deployments appear to have somewhat stagnated, product certification rate is slightly reclining and session attendance is low. However, we have seen industry interest for WiMAX technology growing and shrinking in the past. In our opinion, everything has been undertaken by the respective standardization and certification organization to make the best out of WiMAX technology. Time will tell whether WiMAX will grow into a long standing technology in the future.
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